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Meso-scalesimulationsof a compactionwave in a granularbed of HMX have beenperformed. The grainsare fully
resohedin orderthatthe compaction— porositybehindthe wave front — is determinedy the elastic-plastiaesponse
of the grainsratherthan an empiricallaw for the porosity asa function of pressure.Numericalwave profiles of the
pressureand velocity are comparedwith datafrom a gasgun experiment. The experimentusedan initial porosity of
36%, andthe wave hada pressure&eomparableo theyield strengthof the grains. The profilesaremeasuredt the front
andbackof the granularbed. The transittime for the compactionwave to propagatéetweerthe gaugesletermineghe
wave speed.The wave speeddepend®n the porositybehindthe wave andis affectedby the strengthmodel. Theyield
strengthneededo matchthe experimentalwave speeds discussedAnalysisof theleadwave throughthe granularbed,
basedon impedancematchesusing the Hugoniotloci, indicatesthat the compactionwave triggersa small amountof
burn, lessthan1% massfraction,on the micro-secondime scaleof the experiment.

I. INTRODUCTION

Granularexplosivesare usedasa modelfor damagecdex-
plosives. Damagegivesriseto porosityandgreatlyincreases
the ignition sensitvity. Sensitvity is determinedby the for-
mationof hot spotswhena compressie wave propagatem a
heterogeneousiedium. Hot spotsaresubgrainin extentand
evolve on a fasttime scale. Typically, the spatialscaleis on
the order of micronsandthe temporalscaleis on the order
of micro-secondsMeso-scalesimulations— continuumme-
chanicgcalculationwhichresoleindividualgrains— arecur-
rently theonly meansf obtainingdetailedinformationonthe
small spatialand temporalscaleswhich control the buildup
andtransitionto a detonatiorwave.

As a testthat the simulationscapturethe mechanicalre-
sponseof a heterogeneousaterial,we computea propagat-
ing compactiorwave in agranularbedof the explosive HMX
(cyclo-tetramethylene-tetranégmire) and comparewith ex-
perimentaldataof the wave profile. The wave strengthin the
experimentshave a pressure&omparabldo theyield strength.
In this regime mostof the porosity is squeezedut but the
temperaturef the hot spotsis low enoughto treatthe HMX
asinert.

The compactiorwave experimentaredescribedn [1]. The
experimentaletupis shovnin figure1. A Kel-F projectileis
acceleratedby a gasgun andimpactsa targetassemblycon-
sistingof afront disk of Kel-F, a granularbedof HMX anda
backdisk of TPX. For the caseconsideredere the projectile
velocity is 288m/sandthe bedis composedf crystalswith a
meanparticlesizeof 120pm anda porosityof 36%.

Theexperimentis designedo beone-dimensionalA wave
diagramis shavn in figure 2. Gaugesatthefront andbackin-
terfaceof thegranulahedmeasurehetime historiesof either
the pressureor the velocity. A pair of experimentss usedto
obtainboth quantities.Thefront gaugecapturesheprofile as
theincidentshockin the front disk matchesnto the granular
bedandthe profile of thereturnwave reflectedfrom the back
interfaceof the granularsample . The backgaugecaptureghe
profile when the compactionwave reflectsoff the interface
betweerthe granularbedandthebackdisk. Thetransittimes

betweerthesignalsatthefront andbackgaugesieterminghe
speedsf theincidentandreflectedvavesin thegranularbed.
Thewave speedsandwave profileswill becomparedvith the
resultsof simulations.

Meso-scalesimulationsof the experimentsare performed
with an Eulerian continuum mechanicscode developedby
David Bensonat the University of California, SanDiego. A
similar codehasbeenusedpreviouslyto studysinteringor dy-
namiccompactiorof powderedmetalg2,3]. Herewearecon-
sideringwealer waveswith a stresscomparableo theyield
strength,andaim to comparequantitatvely with experimen-
tal data.

The grainsare modeledas an isotropic elastic-plastiana-
terial. Compressiorof the granularbed leadsto stresscon-
centrationsat the contactbetweengrains. When the stress
concentrationgxceedthe yield strength,the grainsdeform
plastically The changen the shapeof the grainsallow them
to packmoretightly togetheranddecreasetheporosityof the
bed. For a compactionwave, the value of the yield strength
affectsthe changein porosity acrosshe wave front, andthe
porosity behindthe wave affects the wave speed. The first
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FIG. 1. Schematiof compactionwave experimentirom [1]. The
impactoris projectile from gasgun. Tamget assemblyconsistsof
granularsampleof HMX betweena front disk of Kel-F anda back
disk of TPX.
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FIG. 2. Wave diagramof flow generatedy gasgun experiment.
Granularsampleshavn in gray and wave fronts as dot-dot-dashed
lines.

finding of the simulationsis that matchingthe compaction
wave speedrequiresa low value of the yield strengthcom-
paredto the value inferred from single crystal experiments.
The discrepang is related to the size distribution of the
grainsand the dimensionality(two-dimensionakimulations
for three-dimensionajrains),both of which affect the struc-
tureof thegranularbed.

A secondfinding is thatthe strengthof the reflectedwave
from thebackof thesamplds lowerin thesimulationthanthe
backgaugedataof the experiment.Moreover, the gaugedata
is notcompatiblewith impedancenatchedasedntheshock
Hugoniotsof shock compressedHMX and the TPX back-
ing. Thediscrepang canbe explainedby assuminga small
amountof burn, lessthan1% massfraction, which would in-
creasethe strengthof the compactionwave asit propagates
betweenthe front and the back gauges. The small amount
of burn is compatiblewith deflagration-to-detonatioexper
imentson granularHMX [4] which shov on a longertime
scalethanthe gasgun experiment(100us comparedo 8s)
thata compactionwave of the samestrength(generatedy a
200m/s piston)transitsto a detonationwave. Thus, thereis
experimentakvidencethathot spotsgeneratedy evenweak
compactionwave are strongenoughfor somedecomposition
to occuron a micro-secondime scale. However, dueto the
limited numericalresolution— 1% burnfractioncorresponds
to roughly 1 cell pergrain— it is not possibleto calculateac-
curatelysmallamountsf burn, andthesimulationsdiscussed
heretreatthegrainsasinert.

The setupfor the simulationis describedbriefly in sec-
tion 1l. Resultsof the simulationsanda comparisorwith the
experimentadataarepresentedh sectionlll. Theimpedance
matchis analyzedin sectionlV. The analysisdemonstrates
thata smallamountof burn is neededor consisteng of the
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FIG. 3. Initial configurationfor simulation. Granularbed has
36% porosity Black regionsarevoids andrepresenporesbetween
grains. Leftmostregionis givenaninitial velocity correspondingo
theprojectilefrom thegasgun.

experimentadata.We concluden sectionV with remarkson
theyield strengthandissueswith including reactionin simu-
lations. Justas simulationsof wavesin a heterogeneousia-
terial aresensitve to modellingdetails,suchasyield strength
andgranularstructure,simulationsof reactve materialswill
be sensite to additionalaspectf the model, suchasdis-
sipatve mechanisms.Neverthelessreactive simulationsare
neededto understandnitiation mechanismsand additional
work is warranted.

II. NUMERICAL MODEL

The initial configurationfor the two-dimensionalsimula-
tions are shovn in figure 3. The computationaldomainis
5.4mmx1.5mm. It consistsof threeregion: the Kel-F front
disk, —0.5 < x < O0mm; the poroussample0 < x < 3.9mm;
andthe TPX backdisk, 3.9 < x < 4.9mm. Thefront disk is
split into two regions. Theflow is startedby giving the left-
mostregionaninitial velocity correspondingo thevelocity of
theprojectilefrom the gasgun, 288m/s. This allows theinci-
dentshockin thefront diskto form beforeinteractingwith the
sample.A transmittingleft boundaryallows reflectedwaves
to escapeandmimicstheeffectof alargerfront disk. Thetop
andbottomedgeshave reflectingboundaryconditions.

Thegrainsof the samplearerandomlydistributedandcor-
respondo alooselypacledbed. Circulargrainsareusedwith
adiameterof 0.12mm+10%. The cell sizeusedfor the sim-
ulationsis 10microns, which correspond®n averageto 12
cellsin agraindiameter

A hydrostaticequatiorof state(EOS)plusanelastic-plastic
strengthmodel are usedfor the constitutive relation of the
HMX grains. The EOSis of the Mie-Griineisenform with
areferencecurve basedon a linear us—uj fit to the principal
shockHugoniot. The strengthmodelis isentropicwith a con-
stantshearmodulusandvon Misesyield strengthfor ratein-
dependenplasticity A Mie-GriineisenEOSis alsousedfor
theKel-F andTPX. The parameterarelistedin tablel. The
packingalgorithm, constitutize relationsand previous com-
pactionwave simulationsaredescribedn [5,6].

Two columnsof Lagrangiantracer particles(one particle
percellin they-direction)areincludedin thesimulations.The
columnsarelocatedonecell from theinterfaceswith thegran-
ular bed;the front columnin the Kel-F andthe backcolumn



TABLE I. Constitutve parametergor materials.

HMX Kel-F TPX
Co 265 203 2.17| km/s | Bulk soundspeed
S 238 164 152 — Slopeof us—up relation
r/v| 209 233 091 g/cm®| Grineisercoeficient
po | 1.9 212 0.83]| g/cm?| Initial density
G 12. — — GPa Sheamodulus
Y 026 — — GPa Yield strength

in theTPX. Thevaluesof thevelocity andstressateachtracer
particlein acolumnareaveragedn orderto comparewith the
gaugedata.

Ill. COMPARISON WITH EXPERIMENTS

The first simulation used a value of the yield strength
(2.6kb) inferred from wave profile experimentsin a single
crystal of HMX [7,8]. The stressfield and porosity profile
of the compactiorwave areshavn in figure4. Dueto thema-
terial heterogeneitieshe stressfield is not uniform. Stress
concentrationsriseatthe contactsbetweergrains.Whenthe
stressconcentrationexceedtheyield strengththe grainsde-
form plasticallyandsqueezesut someof the porespace.In
this casethe porosity behindthe wave is between2 and 4%.
Despitethefluctuationstheaveragestresgrofileis quitesim-
ilar to awave in a homogeneoumaterial. However, therise
time dependson the grain structureand is not as narrov as
would be the casefor a shockwave in a homogeneoumate-
rial.

A comparisorwith the gaugedata[1, fig. 2.7]is shavn in
figure5. Thecompactiorwave speedn the simulationis too
fast,andleadsto a 0.2ustiming erroratthe backgauge.This
can be understoodoy examining the Hugoniot jump condi-
tionsfor aporousmedium.

The conseration of mass,momentumand enegy canbe
expresseds

I eplup-w)| =0 @
I[o0(up-u)?+9P| =0 ()
J[(pp(up—us) (e+ 0.5(up—us)2+P/p)] =0 (3

wherep is the densityof the grains,@ is the volumefraction
of thegrains,up is the particlevelocity, us is the wave speed,
eis thespecificinternalenegy andP = P(p, €) is thepressure
within agrainandJ[Q] is thejumpin Q acrosghewave front.
Becauseof the additionaldegreeof freedomassociatedvith
theporosity to obtaintheHugoniotlocus,thejump conditions
mustbe supplementetvith acompactioriaw of theform

P=p(g - 4)
Without knowing the compactionlaw, onecanstill relatethe
wave speedo the porositybehindthewave.
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FIG. 4. Compactiorwave beforefront (x & 3.4mm) reacheshe
backof thesample(x = 3.9mm); time of 5us. Blackregionsin stress
field arevoids andrepresenporesbetweengrains. Profilesare av-
eragesn they-direction,i.e., trans\erseto the wave propagationin
addition,theporosityprofileis smoothedy takingarunningaverage
in thex-directionover a distanceof 1 grain.

A materialcansupportanon-zergporosity(¢ < 1) only for
P <Y. Typically, theyield strengthY is muchlessthanthe
bulk modulus. Thus, whenthe porosityis non-zero,it is a
goodassumptiorthat p is constantandthe compressionn a
compactionwave is dueto the changein ¢. In this case the
jump conditionfor massconserationreduceso

___Up
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Hence for agivenpistonvelocity u, thewave speediecreases
astheporosity(1 — ¢) behindthewave decreases.

To bequantitatve, onecansolve for theHugoniotlocusus-
ing the HMX equationof stateandthe compactiodaw based
on the quasi-staticompressiomataof Elban& Chiarito[9],
shawn in figure 6. Fromthe front gauge the velocity behind
the compactionwave is 0.22mm/ps. With this particle ve-
locity, the wave speedas a function of porosityis shavn in
figure7.

Basedon the transittime from the gaugedata(5.9us) and
the lengthof the sample3.9mm, the compactiornwave speed
is 0.66mm/ps. We theninfer from figure 7 that the poros-
ity behindthe wave is nearly zero. This is smallerthanthe
computedoorosityin the simulation.
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(a) Velocity gauge data, LANL Shot-912
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FIG. 5. Comparisorbetweerexperiment1, Fig. 2.7] andsimu-
lation usinga yield strengthof 2.6kb. Black lines are gaugedata.
Thin line indicatespossible contaminatedwith side rarefactions.
Grey linesarefrom tracerparticlesin simulationwith yield strength
of 2.6kb.

Theporositybehindthewave depend®ntheyield strength
andalsothe sheamodulus.A lower yield strengthdecreases
the porosity and hencelowers the wave speed. In the next
simulation,theyield strengthis loweredto 1kb. Thisis suffi-
ciently low to obtaina small porositybehindthe compaction
wave. The comparisorwith the gaugedatafor this caseis
shawvn in figure 8. It canbe seenthat the transittime of the
compactionwave is now in goodagreementvith the experi-
ment. Moreover, the transittime of the reflectedwave is also
fairly close.

Corwverselya higheryield strengthincreaseshe porosity
and increaseghe wave speed. A simulationusing a yield
strengthof 3.7kb resultedin 10% porosity andtiming error
of 1us for the signalat the backgauge. The importantpoint
is that the porosity behinda compactionwave canbe deter
minedby measuringhe wave speed.The questionof why a
low yield stresss neededo obtainthemeasuregborositywill
bediscussedater.

Thoughthe wave speedsarein goodagreementthereare
threesignificantdiscrepancies the comparisorbetweerthe
simulationsandthe gaugedata. Thefirst is the overshootin
the profile at the front gaugeof the simulationcomparedo
the data. The seconds thelow velocity andlow stressat the
backgaugen the simulationcomparedo thedata. Thethird
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FIG. 6. Quasi-staticompressiomlata.Solid linesaredatafrom
Elban& Chiarito [9]. Dashedgrey line is fit usedfor calculating
porousHugoniot. Dottedgrey line is artificially loweredconfigura-
tion pressuren orderto obtainfull compactiorbehindwave front.
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FIG. 7. Variation of wave speedwith volume fraction behind
compactiorwave with a particlevelocity of 230m/s.

is the slow variationin the experimentalrecordat the front
gaugecomparedo the nearly constanttime historiesin the
simulation.We next discusgheseissues.

Fromtheinitial configurationrshavnin figure 3, we seethat
the grain packingresultsin someporesadjacento the inter-
facewith Kel-F As a consequenceyhentheincidentshock
wave matchegdnto thegranularbed,someKel-Fis blown off
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FIG. 8. Comparisonbetweenexperimentand simulation that
usegeducedyield strength Blacklinesaregaugedata. Thin line in-
dicatespossiblecontaminatedvith siderarefactions.Grey linesare
from tracerparticlesin simulationwith low yield strengthof 1kb.

thesurfaceinto thepores.Thisis seenin anexpandedview of
theinterfaceshovn in figure9. Thus,atransientoccurswhile
the compactionwave profile is forming in which the parti-
cle velocity of the materialoppositehe poresincreasesather
than matchingdown asis the casefor the materialadjacent
to the grains. After the wave profile is formed, the interface
settlesdown to a uniform velocity. Averagingthe tracerpar
ticlesresultsin a overshootwhich thendecayso the particle
velocity behindthe compactiorwave.

The granularbedin the experimenthasa distribution of
grain sizes. Very likely small grainsfill in the poresat the
interface. In addition, the Kel-F is visco-elasticanda shock
hasa profile with a non-zerowidth. The combinedeffects
very likely are sufficient to explain the differencein the ve-
locity profile at the front gaugeduring the rise time of the
compactionvave.

The transientpeakin the simulatedpressureprofile at the
front gaugecorrespondso the pressuref theincidentshock
in theKel-F Theexperimentabprofile hasalower peakduein
partto theresponsédime of the pressureggaugethematchinto
the gaugematerialsandalsothe width of theincidentshock.
The simulationdoesnot have the resolutionto modelaccu-
rately the gaugesor the smallgrainsin the sizedistribution.
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FIG. 9. Expandedview of interfaceadjacentto front gaugeat
early time (2us). Light grey correspondso Kel-F front disk, dark
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Thus,the simulationcannot be expectedto capturethe tran-
sientbehavior of the shockmatchinto the granularbed. Af-
ter the compactiorwave is formed,the simulationdoesagree
with thevaluesbehindthefront reasonablywvell.

IV. IMPED ANCE MATCH

To understandhe low valuesof the pressureandvelocity
in the simulationcomparedo the backgaugesn the experi-
ment,we studytheimpedancenatchof the compactionwave
in the granularHMX with the backdisk of TPX. The wave
cunves,in the (velocity, stress)—planéor the graphicalsolu-
tion to theimpedancematchproblem,areshowvn in figure 10.
Two casesaredisplayed.Theblacklinesrepresenthe porous
Hugoniotwith the compactionlaw basedon the quasi-static
experimentswvhile the grey linesrepresenanartificially soft-
enedcompactioriaw in orderto achievzefull compactionzero
porosity) for the compactionwaves of interest. Thesetwo
casescorrespondo the configurationpressuregiven by the
dashedanddottedgrey curvesin figure 6. The main differ-
enceis thatthe slopeof thereflectedwave curve (solid lines
in figure 10) is larger when the granularbed is fully com-
pacted.Thefully compactedaseis consistenwith the sim-
ulation using the lower yield strength(correspondingo the
softenedcompactionlaw) but not with the experiment. The
slight differencewith the simulationis dueto neglectingthe
contribution from the stressdeviator in computingthe porous
Hugoniotlocus.

In generalit follows from the slope of the wave curves
that for an impedancematch the velocity decreasesvhen
the stressincreases. Yet the experimental velocity for
the reflectedwave is slightly higher than the velocity of
the incident compactionwave. The impedancematch is
basedon the assumptiorthat the compactiorwave doesnot
changestrengthas it propagatesacrossthe sample. The
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FIG. 10. Wave curvesfor impedancanatchat backinterfaceof
sample.ShortdashedinesareHugoniotloci in porousHMX. Long
dashedine is shocklocusfor TPX. Solid lines arereflectedHugo-
niot loci in shockcompressegample. Black lines computedwith
experimentalcompactiorlaw andgrey lineswith low configuration
pressuran orderthat waves of interestarefully compacted.Solid
andopensymbolscorrespondo incidentandreflectedstates Black
circlesandsquaresepresenexperimentabataandvaluesfrom sim-
ulation, respectiely. Grey diamondsrepresenimpedancematch,
with largeandsmall symbolscorrespondingo high andlow config-
urationpressurerespectiely.

assumptiornis valid for the simulationbut not for the experi-
ment. Thefront gaugedatashavs aslow risein thestressaand
adecreasén thevelocity.

The gaugerecordsuggestghat the compactionwave trig-
gersa smallamountof decompositionThe wave strengthas
measuredby thestressincreasedy 15%, from 2kb to 2.3kb.
Theimpedancenatchwith this strengthfor theincidentcom-
pactionwave is shavn in figure 11. We notethattheassump-
tions— thewave strengthensasit propagatesandthereis no
porositybehindthe compactiorwave — leadto goodagree-
mentwith both the experimentalwave speedof the incident
compactionwave andthe reflectedwave strengthat the back
boundary

The amountof burn neededto increasethe compaction
wave strengthcanbe estimatedrom the assumptiorthatthe
gaseouproductsandthe solid HMX arein pressuresquilib-
rium. Constantvolume burn for HMX resultsin a pressure
of about150kb. Thehigh pressurggaseouproductsthenex-
pandsuntil it reacheghe compactionwave pressure2.3kb.
The expansioncanbe estimatedrom the adiabaticexponent,
2.3/150= (pg/ps)¥. Assuminganaveragevalueof y~ 2, the
gaseougproductsexpands fold. Letthemasdractionof burnt
HMX beA. Thenthe expandinggascompressethe solid by
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FIG. 11. Wave curwes for impedancematchat back interface
of sampleassumingourn increasepressuref incidentshockfrom
0.19GPato 0.23GPa. Linesandsymbolshave the samemeaningas
in previousfigure.

anamountV /Vp = (1— S—;)\)/(l —A). The pressureise of
0.3kbis givenby (1-V /Mo)K = (ps/pg— 1)A/(1—A)K. Us-
ing for thebulk modulusk = 130kb, givesavaluefor theburn
fractionof lessthan1%.

Treatingthe grainsasinert is the likely explanationof the
discrepanyg betweerthesimulatedresultsandtheexperimen-
tal data.With theresolutionusedin the simulation theneeded
burning would correspondo only 1 cell per grain. Sucha
smallamountof burningwould be difficult to computeaccu-
rately.

V. FINAL REMARKS

The meso-scalesimulationsof compactionwaves agree
fairly well with the gaugedatafrom gasgun experiments.
Moreover, othersimulationswith twice the resolution(5 mi-
croncell size)give essentiallythe sameresults. Thus,the av-
eragemechanicabehaior of acompactiorwavein agranular
bedcanbe simulatedfairly well.

We concludewith a discussiorof two issues. The first is
the low yield strengthneededto match the experimentally
measureccompactionwave speed. The secondis the topic
of including burn in the simulations. Reactve simulations
areneededn orderto understandhe initiation processsuf-
ficiently well to develop betterburn models. In particulay
meso-scalesimulationsshould be able to determinethe ex-
tentto which dissipatve enegy canbelocalized,andthusthe
sizeandpeaktemperaturef a hotspot.



A. Yield strength

The compactiondynamicsis determinedby the plasticity
modeldescribinghe strengthof thegrains. The conditionfor
plasticflow usedhereis basedon a von Misesyield strength.
Theyield strengthinferredfrom wave profile experimentsin
a single crystal of HMX [7,8] is 2.6kb. This is compatible
with the crush-uppressuren quasi-staticompressiorexper
iments[9] and with experiencefrom pressingHMX based
plastic-bondedexplosives, namely after pressingto a pres-
sureof 20,00Qpsi (1.4kb) a porosity of a few per cent still
remains. On the otherhand,the yield strengthof 1.3kb in-
ferredfrom hardnessneasurementl0,11] is half the value
obtainedfrom the wave profile experiments. This discrep-
ang/ may be relatedto the preferredslip directionswithin
the crystal and the extent to which different stimuli couple
to thoseslip directions. Simulationswith the lower value of
yield strengthagreewith the experimentanalyzedhere. But
thereareotherfactorsto consider

Stressbridging is obsened to occurundera static elastic
load. It alsocanbe seenin the stressfield behindthe com-
pactionwave, figure 4a. As theload is increasedstresscon-
centrationsat the contactsbetweengrainsgivesriseto local-
ized plasticflow. Severalfactorsaffect the stressconcentra-
tions. Oneis the distribution of grain sizesandthe way in
which grainsare pacled. Typically, the grainshave a log-
normal distribution. To achieve lower porositiesin plastic
bondedexplosives, bimodal distributions are used. For our
simulationsthegrainshave avariationin radiusof 10% with
a uniform distribution. This choiceis basedon the computa-
tional cell sizewhich did notallow smallgrainsto beresohed
adequately In addition, the stressconcentrationslependon
the dimensionality The calculationsare two-dimensional
while in reality the granularbedis three-dimensionalAll of
thesefactorsaffect the porositybehinda compactiorwave.

Finally, we note additional gasgun experiments[1, Fig.
2.8]in whichtheprojectilehadthesamdampactvelocity. With
the sameporosity but fine grains (averagesize of 10 to 15
micron), the transittime of the compactionwave acrossthe
granularbedis 0.8s lessthanwith the coarsegrains(aver
agesizeof 120micron). This raisesthe wave speecby 14%.
Thewave speeds thancomparabldo the valuepredictedby
the simulationwith theyield strengthbasedon the wave pro-
file experiments.Two otherexperimentswith alower porosity
(26% ratherthan 35%), onewith fine grainsandthe second
with coarsegrains,have the sametransittime. Basedon the
velocity atthebackgaugewe caninfer decompositioroccurs
only in theexperimentswith coarsegrains.Gaugerecordsfor
other experimentsat a higherimpactvelocitiesshov a sub-
stantialamountof decompositior[1, Fig. 2.14]. Again the
amountof decompositiordepend®nthegrainsize.

B. Issueswith burn

The mechanicalpropertiesof a compactionwave are
largely determinedby the jump conditionsderived from the

consenationlaws. The heterogeneitiesyn average,only af-

fect the width of the wave profile. In contrast,fluctuations
causedy theheterogeneitieareimportantfor reactive mate-
rials. Becausechemicalreactionratesare stronglytempera-
ture dependentthe burn rateis determinedoy hot spots,i.e.,

thetail of thetemperaturelistribution. Thesizeandpeaktem-

peratureof hot spotsareaffectedby detailsof the modeland
are more difficult to simulateaccurately The natureof the

heterogeneities- grainsizedistribution, two-dimensionavs.

three-dimensionglackingandorientationof anisotropicrys-

talline grains— canbeexpectedo affectthetemperaturalis-

tribution. In addition, the dissipatve mechanismghat give

riseto thewave profile areimportant.

The simulations reported here include three dissipatve
mechanisms(i) plasticwork, (ii) sheawiscosity and(iii) arti-
ficial viscosity In addition,othersimulationswvereperformed
with aratedependenplasticitymodel. Thedissipationoccurs
mainly nearinterfacesetweergrains. Thepeaktemperatures
dependon how small a volumethe dissipatve enegy is lo-
calizedin, andfor a simulationis affectedby the resolution.
With the resolutionof our simulations the peaktemperatures
arebelov the melttemperaturef HMX. Temperatureabove
melting areneededor significantdecompositiorto occuron
themicro-secondime scaleof thegasgunexperimentsThus,
burning wouldn’t have occurredeven if the simulationsin-
cludedareactionrate.

One dissipatve mechanisnthat is conspicuouslyabsent
from our simulationsis frictional heatingat grainboundaries.
Thedilemmais thatin orderto calculatdargedistortionof the
grains, Eulerianalgorithmssmearout interfaceswith mixed
cellsandthusmalke it difficult to accountfor physicaleffects
atinterfaces.In addition,theestimateof theresolutionrneeded
for frictional heatingis sub-micron12] andwould becompu-
tationallyimpracticalwithout a subgridmodel. Similarly, de-
flagrationwave frontsinitiated by hot spotsarevery thin and
would requirea subgridmodel.

For strongerwaves (stressmuch larger than the yield
strengthYhedominantheatingmechanisnis undoubtablydue
to theimplosionof the poresor void collapse.Dependingon
the Reynolds number void collapseleadsto either viscous
heatingor micro-jetting (which generateheatwhenthe jet
stagnatesn the backsurfaceof the pore). Both viscousheat-
ing and micro-jettingcanproducehot spotswith sufficiently
hightemperature® achie/elargereactionrates.Therequired
resolutionwould dependon the pore size andis likely less
stringentthanis neededor dissipatve mechanismshatdom-
inateweakwaves.
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